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MlxcuREs
C.Ame,
Therelaxationtimesfortheexcitationofmolecularvibrationsin
a numberofheavygaseshavebeenmeasuredwithan acousticinterferome-
ter. Allthegasesstudiedwerefoundtohavea singlerelaxationthe,
indicatingthatintermodalcouplinginthesegasesis strong. .
Onlybinarycollisionsarefoundtobe importantintheexcitation
ofvibrations.Theprobability,ina givencollision,ofexcitingor
deexcitingmolecularvibrationsinthehalogen-substitutedmethanes
appearsto dependupontherelativener~ ofapproachofthecolliding
moleculesratherthanupontherelativevelocity.
Theexcitationofvibrationsinpolyatomic
theformationofa complexmoleculewitha very
INTRODUCTION
gasesmaywellinvolve “
shortlife.
About30yearsago,investigatorsinthefieldofultrasonicsdis-
coveredthatthevelocityofsoundinpolyatomicgasesisa functionof
thesonicfrequency.Thisphenomenonisknownasthedispersionof
soundandmaybe explainedbythefailureofthetranslational,rota-
tional,andvibrationalenergiesofgasmoleculestomaintainthermal
equilibriumwitheachotherathighacousticfrequencies.An irregularly
highacousticabsorptionacco~aniesthisdispersioninacousticvelocity.
Numerousinvestigatorshavemeasuredthedispersionof soundcaused
by thelaggingofthevibrationalener~ (alsoreferredto asthethermal
relaxationprocess).Nearlyalltheinvestigationshavebeenmadein
diatomicandtriatomicgasesinwhichthevibrationalrelaxationtimeis
relativelylongandtheregionofdispersionisat easilyattainable
frequencies.Advancesinelectronicshaverecentlymadepossiblethe
accuratemeasurementofacousticvelocitiesatveryhighfrequencies.
Considerableinteresthasbeenarousedinthestudyofdispersiondueto
thelagofrotationalandtranslationalenergies;studyofthevibrational
energylaginheavyorganicgases,whichalsonecessitateshigh-frequency
measurements,hasbeenneglected.It isthepurposeofthispaperto
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reportsomemeasurementsofsonicdispersionmadeinheavygasesandto
attemptclarificationfcertainfundamentalpropertiesofthevibrational
excitationprocessinthesegases.
Thisworkwasconductedat IowaStateCollegeunderthesponsorship
andwiththefinancialassistanceoftheNationalAdvisoryCcmmitteefor
Aeronautics.
SYMBOLS
A, Ao, a.
B, Bo, b1
catomic
co
Crot
Ctrans
Cv
a
Cvib
c
f
‘inf
h
k
Beattie-Bridgmang sconstants
contributionto ~ madeby atomicexcitation
molarheatcapacityat constantvolume
belowdispersiveregio~
contributionto ~
contributionto ~
motion
molarheatcapacity
contributionto Cv
madeby“molecular
madebymolecular
at constantvolume
madeby molecular
effective~ atangularfreqyencyu
region
molarheatcapacityat constantvolume
atfrequencies
rotations
translational
vibrations
indispersive
atfrequencies
aboveMspersive
velocityoflight
sonicfrequency
sonicfrequencyat
curveoccus
Planck’sconstant
region
whichinflectionpointofdispersion
Boltzmann‘sconstant
—
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M
N
‘lo
P
‘lo
R
s
T
t
v
‘bb
‘ideal
V.
Vm
v
‘lo
molecularweight
averagenunberof collisions~eriencedby a molecule
persecond
ratioof G* to hvl
numberofmoleculesofgasperunit
numberofmoleculesperunit
ingroundstate
numberofmoleculesperunit
infirstexcitedstate
averageof plo overproper
distribution
pressure
volume
volume
volume
whosevibrationsare
whosevibrationsare
velocityorener~ ‘
probabilityhata molecule-infirstexcitedvibrational
statewillbe deexcitedby a collision;a functionof
velocityorenergyofapproach
universalgasconstant
rangeofintermolecularfo ces
temperature,%
time,sec
velocityofsound
velocityofsoundina Beattie-Brid@nang s
velocityof soundinan idealgas
velocityof soundatfrequenciesbelowdispersiveregion
velocityofsoundatfrequenciesabovedispersiveregion
relativevelocityoftwocollidingmolecules
averagecollisionlifetimeoffirstexcitedstate;aver-
agenumberofcollisionsecessarytodeexcitea mole-
culeinfirstexcitedstate
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a
e
u
stericfactor;probabilityhata collisionwilltake
placewithmoleculesfavorablyorientedforexcitation
relativeapprcachenerfgoftwomolecules
minimumvalueof e requiredforvibrationalexcitation
vibrationalrelaxationthe
reducedmolecularweightoftwocollidingmolecules
vibrationalfrequencypersecond
wavenuniberpercenttieter,Iv/c
vibrationalfrequencypersecondoflowestmde
velocitycorrectiondueto absorption
density,g/liter
density,moles/liter,p.fi
seeequation(27)
angularfrequencyofsound,3rf
‘%nf= afm
THEORYOFACOUSTICDISPERSION
PropagationfSound
Richards(ref.1, 1939)hasderivedan expressionforthevelocity
of soundinan isotropichomogeneousmedium:
(1)
inwhichT isthepressure;T, thetemperature;~, themolarheat
capacityat constantvolume;p,thedensity;&d M, themolecular
weight. Forthevelocityinan idealgas,thederivativesmaybe eval-
~ – ~~ andsubstitutedintouatedfromtheideal-gasequationp = -
equation(1):
.
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2
‘ideal ()SE&+? %
5
(2)
An equationofstatefrequentlyappliedto~olyatpnicmoleculesis
thatofBeattieandBridgmn:
~=m(v+@A
~2 ~2
where
()A= l-$AO
()B=l -$BO
a, b, Ao,and B. beingconstants
Thisequationmayalsobewrittenin
P (=K@+ KTBo- l&JF2+
characteristicofthegivengas.
termsof ~ = ~:
(Aoa )-RTBob~3+...
(3)
Substitutionfequation(4)intoequation(1)producesW expression
forthesquareofthevelocityina Beattie-Bri@nangas:
R%
[ (#+2@o+P2B02-2Bob )]v
Termsh 53 andhigherhavebeenomitted.Notethatas 6 becomes
verysmall(lowpressures) equation(5)reducesto equation(2).
In anygasmolecule,thesyecificheatat constantvolumemaybe
expessedintermsrepresentingcontributions
internalvibrationsandrotations, andatomic
(4)
(5)
from‘translatormotion,
excitation:
Catomic (6)
—._-—_
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Thevalueofeachquantitydependsupontemperature,and,accordingto
theequipartitiontheoremofener~,ina bodyat equilibriumtheenergy
(andthereforetheheatcapacity)mustbe distributedamongtheseterms
ina definitemanner.At roomtemperaturesmostatbmsareintheir
groundstateand CatWc isnegligible.Iftheequilibriumbetween
thesetypesof internalenergyisdisturbed,eachmodeagainapproaches
itsequilibriumvalueata ratecharacterizedby itsownrelaxationthe.
Vibrationalrelaxationtimescovertherange10-2to 10-10second.
As longasthermaldisturbancesoccurslowly,C is correctlygiven
by equation(6). Sincetheperiodofa disturbanceis soshortenedasto
be oftheorderofoneoftheserelaxationtimes(ashappenswhena sound
waveofhighfrequencyisincident),theequilibriumprocessisunableto
followtherapidthermal.cycle,andtheneteffectisthata partofthe
heatcapacitydropsoutcompletely.Thus ~ and ~ dependuponfre-
quencythroughoutthedispersiver gion.
If Co denotestheheatcapacityat constantvolumebelowthedis-
persiveregionand Cm,theheatcapacityabovethisregion,then
cm= Ctrans+ Crot
and
co =Cm+ cv~b
(7)
(8)
FollowingthetechniqueofRichards(ref.1,1939),theheatcapacityat
acousticangularfrequencym withinthedispersiver gionmaybe written
co - cmCm=cm+l+iuf (9)
where El istheappropriater laxationtimeand m is 2JCtimesthe
acousticfrequencyf. Substitutionfequations(7)and(8)intoequa-
tion(2)yields
—.
(lo)
———
V02 ()=+1+~ o (11)
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Similarly,substittiion
complexexpression,the
of soundatfrequencies
.1.
feqmtion(9)intoequation
realpartofwhichrepresents
withinthedispersiver gion:
2RT
(
co +(iwcm
videal =--#+R )C02+uFe2cm2
Theinflectionpointofequation(12)may
similarly,
expression
2
‘bb
be foundby
substitutionf equation(9)intoequation
7
(2)willyielda
hephasevelocity
(12)
differentiation:
(13)
(5)givesan
forthesquareofthevelocityina-Beattie~Bri&msmgas:
=~~ + 2E(~o -Ao) + 3~(Aoa- mob)] +
R%
[ ( )1(
co +u?ezcm1> 2@. + ~2 B02- 2Bob
T C2
)+ uR32cm2o
Thedispersioncurveforan idealgas,plotted
(14)
fromequation(12),is
showninfigure1.
MultipleDispersion
Thusfarithasbeenassumedthatfora givengastherelaxation
processmaybe characterizedby a singlerelaxationtime Q. Thisis
equivalentto assmuingthatall.modesofvibrationareexcitedwiththe
same relaxationtimeand,furthermore,thatallvibrationaltransitions
occurtiththesamerelaxationtimeastransitionsfromthegroundstate
tothefirstexcitedstate.Thatalltransitionsbetweenthestatesof
a givenmodeofvibrationhavethessmerelaxationttiehasbeenshown
by IandauandTeller(ref.2,lg36).If,however,thecouplingsbetween
differentmodesofvibrationweresoweak.thattheymustbe excitedinde-
pendentlyby collisionsandthereforepossessdifferentrelaxationtimes,
a step-shapedvelocity-dispersioncurvewouldresult.
Someevidencefavoringtheexistenceofmultipledispersiveregions
hasbeenreported.Pielemeier(ref.3,1943)andBuschmannandSchHfer
(ref.4, 1941)havereporteda possiblesecondsteponthevelocity-
dispersioncurveofcarbondioxide.AlexanderandLambert(ref.5, 1942)
. — .——.—. ——.—.——z— ——..— —.——— -——-.——-.-–-——-— .—— —.— ---
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foundthreedispersiver gionsinacetaldehyde.A laterarticleby
LambertandRowlinson(ref.6,1%0),however,pointsoutthatthemul-
tipledispersionsofvelocityaredueto errorsincalculationresulting
fromanungroundedassumptionthatdimerizationequilibriumdoesnotkeep
pacewiththeacousticycle.
Greatdifficultywouldbe experiencedintheobsemtionofmultiple
dispersiver gionsintriatcnnicmolecules,ifindeedsuchexist.At room
temperatureonemodeummllyaccountsformostofthevibrationalcontri-
butiontospecificheat.Anystepsonthevelocity-dispersioncurvedue
totheothermodeswouldbe sosmallthattheywouldbe difficultto
detect.Detectionofmultipledispersiondueto a lackofintermodal
coupling,ifitexists,mightbemostprobableinmoleculesuchasthe ~
halogen-substitutedmethanesincethesehavemodesoflowfrequency
whichcanbe excitedatroomtemperatures.Ontheotherhand,ifinter-
modalcouplingis strongenoughsothatener~ istransferredreadily
fromonemodeto another,onlya singlerelaxationthe wiLLbe observed.
Presumablythiswillbetherelaxationtimeforthemodeoflowest
frequency.
TraceCatalystEffect
A phenomenonwhichhasbeenobservedinrelaxation-timestudiesis
the“tracecatalyst”effect.Collisionsbetweenunlikemoleculesare
somettiesmuchmoreefficientintheexcitationofvibrationsthanthose
betweenlikemolecules.EuckenandBecker(ref.7,1934)observedthat
ina collisionbetweentwomoleculeswhichhavea chemicalaffinityfor
eachothertheprobabilityofvibrationalexcitationislarge.Iandau
andTeller(ref.2,1936)s~ested thatexcitationismoreprobable
whenthetwocollidingmoleculesapproacheachotherata highvelocity,
thusexplainingtheeffectivenessofhydrogenandhelim as catalysts.
Severalimportantcatalyticgasesarediscussedby Walker(ref.8, 1%1).
MultipleCollisions
In general,a certainaveragenumberofcollisionsarerequiredto
exciteordeexcitethemolecularvibrationsina givengas. Sincethe
numberofbinarycollisionsi proportional.tothepressureofthegasj
itfollowsthattherelaxationtimewin be inverselyproportionalto
thepressurewhenbinarycollisionsareresponsibleforvibrational
excitation.Iftriplecollisionsareprimarilyresponsible,therelaxa-
tiontimewillbeinverselyproportionaltothesquareofthepressure.
In eqyationssuchas expressions(I-2)and(14)dealingwithacoustic
dispersion,theindependentvariableisalways@ ratherthan m.
Hence,iftherelaxationtime f3is inverselyproportionaltothe
M
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pressure,thedispersioncurvemaywellbe drawnwith
abscissainsteadof logf. Thisis a greatadvantage
9
logf/p asthe
in~erimentsl
work,sinceitprovidesa methodof obtaininga centinuousrangeoffre-
quencieswithoutchangingthefrequencyofthesoundsource.Of course,
itmustfirstbe ascertainedwhichtypeofcollisionisresponsiblefor
vibrationalexcitationsothatthecorrectpressuredependenceisused.
No conclusiveevidencehasbeenpresentedsupportinganyimportance
ofcollisionsof ordersabovethesecond.Walker(ref.8, 1%1) suggested
thatcertaindataofpreviousinvestigators,involvingcarbono~sulfide
withaddedquantitiesofheliumandargon,mightbe interpretedonthe
basisthattriplecollisionsareofgreaterimportancethanthebinary
type.Walker,Rossing,andIegvold(ref.9,1954.)Mter reportedthat
triplecollisionsarenotimportantintheexcitationby helium.amen.
andnitrogenofnitrousoxide,whichisvery
carbonoxysulfide.
TEEORY(E’VI13RATIONALEXCJIUSI?ION
RelaxationTheory
A gaswillbe consideredwhichhas nl
.-.
similarin structureto
BY COLLISIONS
moleculeswithvibrations
inthefirstexcitedstateand ~ moleculesinthegroundstateper
unitvolume.Ifat alltimes no - nl = a,a constant,thecont~uous
exchangeofmoleculesbetweenstatesO and1 maybe characterizedbythe
equation
%fn
“—=
dt olo-
inwhich fol specifiesthenumberof
statemoleculepersecondand flo,the
transitionsperexcitedmolecule.
‘lo% (15)
041 transitionsperground
correspondingnumberof 1+0
dq
Whenthegasis inequilibrium,
— = O and,therefore,accordingdt
totheprincipleofdetailedbalancing,thetotalnumberoftransitions
ineachdirectionareequal.At equi.librim
-hv/kT o
~=~e (16)
andso
- . . ————. .—. .——. — —— . _ .—— ——— .
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f 01
-hvjkT
= floe (17)
b theaboveequationsh and k arethePlanckandEdtzmannconstsmts,
respectively,v isthefrequencyofmolecularvibrations,and T i$the
temperatureinOK.
Sinceii=~+q atalltimes,equation(15)may‘bewritten:
dq
—+l(fol+flo) =fol= (18)dt
Since5 is constant,thesolutiontothisdifferentialequationfor
nonequilibriwnis
where c1 ‘d C2
csmthenbe seento
~ = c1+ c2e-(fol+flo)t
areconstants.Therelaxation
be
(19)
timeofthisprocess
0= 1 (20)
+ flo
’01.
Here (3isthetimenecessaryforthedeparturefromthermalequilibrimn
tobe reducedto l/e ofitsinitialvalue.Someauthorsassmethat
hv/kT>> 1 - fo~<<flo /and,hence,that e s 1 flo. At vibrational.
13frequencieslesstlmmabout v = 1.5x 10 second‘1 (correspondingto
J = 500centimeter-1 inspectroscopicwavenumbers,since; = v/c),
thisassumptionisungrounded.
lYtheaverageiu.miberof collisionswhicha moleculemakespersec-
ondisdenotedby N, fol and flo maybe writtenintermsof Pol
and PIO,theprobabilitiesthata moleculeinthegroundorfirstexcited
statewillbe excitedordeexcited,respectively,ina collision.Then,
fol= POIN
‘lo= P@ }
(a)
.- ——— — —
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Thereciprocalsof PO1 and PIO, Zol and Zlo,wi~
collisionlifetimesoftheWOund andthefirstexcited
tivel.y.Substitutionofequations(17)and(21)
produces
U.
givethemean
states,respec-
intoequation(20)
0= 1(NEjol+e -hv/kT)
Therefore:
1
NPo~(l+ehvjw)
hv/kT
’01 l+e
—.
‘lo ~ + e-hv/kT
or
—
hv/kT
Znl= Z.fie“
U-L Au
In case hv<< kT (notrealizableat ordinarytemperatms)
Zlo
(22)
(23)
(25)
‘ediction‘f ‘lo
kndau andTeller(ref.2,1936)havedevelopeda theorywhichhas
beenverysuccessfulinexplainingenergy-transferprobabilitiesin
relativelysimplemolecules.Theywritean expressionfortheprobability
ofdeexcitationfa vibratingmoleculePIO ina singlecollisionwhen
therelativevelocityofapproachofthemoleculeslieswithinthe
rangevtov+dv:
-21rvs/v
%0 =ae (26)
where m isa stericfactorwhichgivestheprobabilityhata collision
will.findthemoleculesfavorablyorientedforexcitationordeexcitation,
-. .. —..— .——.—___ . —— _.—
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s istherangeofintermolecularfo ces,and v,thevibrationalfre-
quency.BetheandTeller(ref.10,1942)integratetheaboveexpression
overa Maxwelliandistributionfvelocitiesto obtain
P = Cue-a10 (27)
where
~=43@
()Ta
I.Listhereducedmolecularweightofthecollidingmolecules,~ is
thevibrationalfrequencyincentimeter-l,measuredintits of
10-9centtieter,and T is in%.
Recenttheoryby Schwartz,SlawsQjandHerzfeld(ref.I-1,1952),
basedontheapproachofZener,makesuseofanexponentialrepulsion
anda one-dimensionalmodel.Theseauthorsarriveata somewhatmore
complicatedxpressionfor
‘lo which,theypointout,hasessentially
thesamedependenceupon ~, ;,and T as thetheoryofLandau
andTeller.
Fogg,Hanks,andLambert(ref.12,1953)havemeasuredthevibra-
tionalrelaxationtimesof severalhalomethanevaporssadhavecalcu-
latedthenumberof collisionsecessaryto excitethelowestmodesof
vibration.At leastfourofthesegasesappeartofitan empiricalrela-
-Xvi in ~ch VItionoftheform Pol. e isthefrequencyofthelow-
estvibrationalmodeand X isa proportionalityconstantcharacteristic
oftheparticulargroupofgases.Thissuggeststhattheprobabilityof
vibrationalexcitationdependsupontheenergyofapproachofthecol-
lidingmoleculesratherthamupontheveloci~ofapproach.An energy
excitationtheory,basedontheabovesuggestion,willnowbe further
developedby examinationfthedeactivationprocess.
Itmaybe assunedthattheprobability“p,. ofdeexcitinga vibra-
ting
tive
moleculeina given
ener~ ofapproach
collision
E ofthe
J-u
canbe writteninterms
collidingmolecules:
oftherela-
.
— — —
..-—
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=a
‘lo
c~ti
}
(28)
= o E<@
b eq.mtion(28),a isthestericfactorand & is someminimm
relativener~ ofapproachwhichmust%e exceededinordertoproduce
deexcitation.H itisassm.edthatthemodeoflowestfrequencyVI
isthefirsttobe deexcited,E* maybe written& = nh~ where n
issomeconstant.
titegrationfequation(28)from E = # to e .~ givesthe
probabilityofdeexcitationi a singlecollision:
)1
Thecorrespondingprobabilityforexcitationmay
(-(n+l)hvl~fin +’01=ae kT
bewritten:
)
1
(29)
(30)
Theaboverelationspicturevibrationalexcitationanddeexcitation
as involvedprocessesrequiringa certainmitiumener~ ofapproach.
Itistemptingto assmethatvibrationalexcitationa ddeexcitation
takeplaceonlywhena moleculeisabletopenetrateverydeeplyinto
theforcefieldofanother,thepenetrationrequiringa certainamount
ofenergy.ItisevenpossiblethattheCOlliSiOn partnersforma tom- .
poundmoleculewitha veryshortlife,duringwhichenergymaypass
readilybetweentranslationalandvibrationaldegreesoffreedom.The
processofformationofthecompoundmoleculewouldrequirea certain
minimumamountofener~. It shouldbe notedthattheprobabilities
fortheexcitationanddeexcitationprocessesdifferby a factor
‘hvl/~. Fogg,Hanks,andLambert(ref.12,1953)haveapparentlye
treatedthemasbeingthessme.
Tracecatalystsmaystillexistforgaseswhichobeytheenergy
excitationtheory,butgaseswhichcatalyzediatomicandtriatomicgases
maynotproducethesameresultinpol.yatomicgases.~ogen and
heliumapparentlyarestrongcatalystsindiatomicsmdtriatomicgases
becausetheyhavea veryhighvelocityat ordinarytemperatures.Tobe
a catalystina gasobeyingtheenergyexcitationtheory,however,a
.
—-— .—_._ __ ____ .-_._. ___...__ ___-._ ~ _ - —...— –_— ———...—
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.
gasmustbe abletopenetratethe
forma compoundmoleculereadily,
MM ~ 3558
forcefieldofsmothereasily,orto
andhavea fairlylargestericfactor.
HeatCapacitiesofGases
Accordingto equation(6),theheatcapacityofa gasismadeup of
contributionsfrommolecularvibrations,rotations,andtrsaslations.
At sufficientlyhightemperatures,eachdegreeoftranslationrrota-
tioncontributes~, andeachvibrationalmodecontributesR t~s the
degreeofdegeneracy.
At roomtemperatums,Crot isfullydevelopedinpol.yatomicgases.
Thustherotationalcontributionfromlinearpolyatmicmoleculesis R,
andthecontributionfromnonllnearpolyatomicmoleculesisk, since2
theyhavemomentsofinertialongthreeperpendiculardirections.
‘rr~s~tio- ener~,d-socharacterizedby threedegreesoffreedom}
contributesh.2
Vibrationalheatcapacities,ontheotherhand,arerarelycomplete.
Assumingthatthemoleculesareperfectharmonicoscillators,thevibra-
tionalcontributiontoheatcapacitymsybe writtenintermsofthefre-
quenciesofthe n modeseachhavinga degeneracyoforder j:
j(hvi/kT2R
~b=~
‘=1&h(h’JkT) -g
(31)
Spectroscopicdataindicatethatmolecularvibrationsarenotper-
fectlyharmonic,andthusa transitionfromthesecondexcitedstateto
thefirstexcitedstatedoesnotproducethesamefrequencyasthatpro-
ducedby a transitionfromthefirststateto thegroundstate.The
errorin V. introducedby theneglectofthisamharmonicityincalcu-
kt~ cab isabout0.03percent.
volume,atroomtemperatureandbelow
molecties,maythenbe givenas
CO=3R+
The totalheat
thedispersive
Cvib
capacityat constant
r gioninpolyatomic
(32)
where ~b iscalculatedfromequation(31).Abovethedispersive
region
Cm = 3R (33)
.
——- — ——
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Apparatus
.
Thevelocityof soundhasbeenmeasuredbymeansofan interferometer
ofthePiercetype.A crosssectionoftheacoustichamberusedtomeas-
urewavelengthsi showninfigure2. A gold-platedX-cutquartzcrystal
isclsmpedinitsnodalplaneandisdrivenearitsfrequencyofreso-
nance.An opticallyflatstainless-steelr flectorisconnectedlya
precisiongroundinvarrodto a micrometerscrewwhichhasa leastcount
of0.001millimeter.Thecrystalsmdthereflectoraremaintainedparal-
lelwithin0.1wavelengthby meansofthreelevelingscrews. .
Theacoustichamberisconstructedfromstainlesssteel,alJseams
beingsilversoldered.A coppergasketinsuresa vacumntightseal.The
invarrod,a mercurythermometer,andtheoscillatorleadspassthrough
O-ringvacuumseals.Theentirechamberis imnersedina constant-
temperaturewaterbath.
Thecrystaloscillatorcircuitis showninfigure3. Itisa varia-
tionofthePiercetypeofcircuit,usingprecisioncomponentshroughout,
anddrivesthecrystalata veryconstsmtfreqpencyandamplitude.The
theoryof itsdesignisdiscussedby Rossing(ref.13,1952).Thefre-
quencyofthecrystalisdeterminedto a precisionof1 partin10,000
by heterodyningtheoutputoftheoscillatorwiththesignalfromsome
convenientbroadcaststationtoproducea beatnoteintheaudiofrequency
range.Mostofthemeasurementsweremadewitha 300.kilocyclecrystal,
althougha 1,000-kilocyclerystalwassometimesemployed.
- IX* int~ iwut @xbce ofthecrystalindicatethe
positionsofthereflectorforwhichstandingwavesresult.Thecir-,.
cuitusedtom?asuresmallchangesinthecrystaltipedanceis shownin
figure4. Voltagesfromthecrystalareisolatedby twocathdefol-
lowers,independentlyrectifiedandfedintoanunbalanceddirect-current
smplifier.A biasedmicroammeterwithfiverangesmeasuresthechanges
intheoutputofthedirect-currentsmplifier.A GeneralElectricvacuum
thermocouple,whichgeneratesa voltageproportionalto theamountof
radiofrequencycurrenthroughit,isusedtomeasurethecrystslcur-
rent.Theimpedance-measuringc rcuitendthecrystaloscillatorreceive
theirpowerfroma stablepowersupplywithan electronicvoltageregu-
latorofthedegenerativef edbacktype. Thepower-supplycircuitis
showninfigure5.
Thegas-handlingsystemisshownschematicallyinfigure6. A two-
stagemechanical.vacuumpumpis capableofevacuatingtheentiresystem
to a pressureof0.2micron.The‘pressueintheacoustichamberis
measuredby a two-metermanometerandMcLeodvacum gage.A drying
—.-.._ .- —.— — . ______ ___ ——
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chamberisavailableto removetracesofwater-vaporhpurityfromgasss;
testgasescanbe drawnintoa liquid-aircoldtrapanddistilledinto
thechambertoremovetracesofnoncondensablegases.Kerotestpackless
diaphragmvalvesareusedthroughoutthesystem.Before
theentiresystemisevaluatedandoutgassedto assurea
highpurityaspossible.
Experimental.Procedure
Thevelocityof soundwasmeasuredineachgasata
eachmeasurement,
gassampleofas
varietyof
f/p ratiosbymeans.oftheacousticinterferometer.Thecorresponding
valuesof V* werethenplottedon semilogarithmicgraphsinfigures7
to 20;
‘ideal.2 wasplottedusingequation(12)withanarbitraryvalue
of 9. Thiscurvewasthenshiftedalongthef/p-axisuntilitbestfit
theexper~ntaldata,sinceaccordingto equation(12)theeffectof
changinge ismerelyto shifttheentirecurvealongthisaxis. In
thosegasesforwhichthedispersiveregionoccurredat lowfrequencies “
d forwhichtheBeattie-Bridgmanco stsmtswerelmown,the Vbb2 Cme
hasbeendrawnusingequation(14).Theexperimental.valuesof V* were ‘
2thencorrectedby addingthevalueof Vfded2-
‘bb measuredcalongthe
f/p ordinateco~espondingtothatpoint.Nearlyallthevaluesof V2
aretheresultof10 independentdeterminationsofwavelength.
Since Crot isfuXlydevelopedinpolyatomicgasesatroomtempera-
tures,Cm wascalculatedfromequation(33);Ctib wasthencalculated
usingthevibrationalwavenumbersobservedspectroscopicald.yandequa-
tion(32);Co wasthencomputedby equation(32).Thustheanharmonicity
ofthemolecularvibrationswastakenintoaccount.Valuesof Ctib are
givenintableI;alsogivenarevaluesof c~)thatpartof Ctib con-
tributedby thelowestvibrationalmode.
Thegasesusedintheexperiment,whichwereofthehighestpurity
available,wereasfollows:CHCIJ?2(chlorodifluoromethane),CHCl#
(dichlorofluoromethane), CCl@2 (dichlorodifluoromethane),CH3C1
(chloromethame),CH3Br(brcxnomethane),CCl~ (trichlorofluoromethane),
andCCII’(chlorotrifluoromethane),whichwerepurchasedfromMathesonCo.,
2Inc.,al C&F3 (bromotrifluoromethane),~CIF (chlorofluoromethane),
CIL#?2(difluoromethane),CBr#2 (dibromcdifluoromethane),CBrC~2
(bromochloralifluoromethane),CF4(tetrafluoromethane),andCHF3
(trifluoromethane),whichwerefurnishedby theJacksonLaboratoryof
E. I.duPentdeNemours& Co.,Inc. Thepuritiesreportedby thesup-
pliersofthegasesarelistedintable1. Severaloftheabovegases
. .!JI
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werestoredincylindersas gasoverliquid.Thesegaseswerewithdrawn
intheirliquidphasetominimizecontaminationby airandnoncondensable
gases.Otherswereliqyifiedby useoftheliquid~nitrogencoldtrapand
thenevaporatedintothesystemafterpumpingoffallnoncondensable
vapor.Theclosefitofthelow-frequencyexperimentaldatatothecal-
culatedvaluesof V.2 demonstratesthehighdegreeofpurityofthe
gasesused.
Valuesof fi~ weretakenfromthecurvesinfigures7 to 20. The
correspondingvaluesof e werethencalculatedby useofequation(13).
Afterthebestfitwasobtainedwiththeexperimentaldata,thetheoreti-
caldispersioncurveswerefurthermovedalongthef/p-~s to establish
reasonableUmitstothefit. Fromtheselimitstheprobablerrorswere
calcukted.Valuesof e appearintableII.
Sinceitwasobservedthatthedispersioncurvesgaveno evidence
oftheexistenceofmultiplerel~tion times,itwasassumedthatthe
lowestvibrationalmodewasexcitedwithitscharacteristicrelaxation
timeandthattheenergypassedfreelyto theothermodes.Therem-
tiontimeofthelowestmode el isgivenby theexpression
c1
‘1=0Cvib (34)
inwhich Cl iS that part of Ctib correspondingto thelowestvibra-
tionalmode. Valuesof 01 werecalculatedfromequation(34)andappear
intableII.
CollisionratesR werecalculatedfromgaskinetictheory,using
measuredorcalculatedvaluesofgasviscosity,and Zlo wascalculated
foreachgasby meansofequation(21),usingfor 8 therelaxationtime
ofthelowestmode
‘1 calculatedfromequation(34).!Chesevaluesof
‘lo) togetherwithcorrespondingvaluesof R, alsoappearintableII.
ExperimentalResults
Itmaybe notedinfigures7 through20thatnoneofthegasesmeas-
uredshowedmultipledispersiveregions.Thisindicatesthatintermodal
couplingisrelativelystronginthesemolecules,andtheassumptionmade
by theuseofequation(34)is justified.
Furthermore,sincetheuseof f/p alongtheaxisofabscissasyields
theproperformofdispersioncurve,theexcitationanddeexcitationf
molecularvibrationsmustbe broughtaboutprincipallyb binarycollisions.
- - -—-——.-—.— — ———_. —. __ . —-.
— —--.— .-— .
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Followingtheresult”ofLandauandTellergivenby equation(27),
ZIO hasbeenplottedagainstV’2/3Ml/3& figure21. A theoretical.
curvehasbeendrawntofitthedatausing s = 0.25Aand a = 0.5.
‘JMsvalueof s isaboutone-eighthediameterofthecollidingmole-
culesandthereforeisnotreasonable.A similarcurve&awn with
s = IA willnotfitthedataregardlessofthevalueof u used. Fur-
thermore,thedatadonotappeartofita singlecurveofthetypedrawn.
Itthereforeappearsthatthetheoryof IandauandTellerdoesnotfitthe
deexcitationfmolecularvibrationsinthesegases.
III figure22 ~. hasbeenplottedagainstI inaccordancewith
equation(29) andtheener~-excitationtheory.C!urveshavebeendrawn
usingthevaluesa = O.I w n = 1.8,1.5,2.8,and3.8. M ww
of n tobe usedapparentlydependsuponthenmber ofhydrogenatoms
replacedfromthemethanemolecule.Thequantitynhvl givesthemini-
mumenergyofapproachnecessaryto exciteordeexcitethevibrationsof
themolecule.Thisispresmnsblytheener&ynecessaryforthemolecules
to penetratedeeplyintoeachother’sforcefieldsortoforma cmpound
moleculeaspreviouslys~ested.
Fogg,Ebmks,andI.ambert(ref.12,1953)havemeasuredtherelaxa-
tiontimesof someofthehalogen-substitutedmethanes.Theirvalues
for Zlo werecomputedfromtheirrelxcmtiondatabymakingtheassump-
tionthat hvl>> kT andhencethat Zlo‘-l?el.At valuesof
~1< 500centimeter‘1,thisisnottrueandleadsto errorin ZIO at
lowfrequencies.Inaccordancewitheqyation(~),theauthors’values
-hv@To ~ valuesfor‘Zlo havebeenmultipliedby a factor1 + e
of Zlo thuscorrectedarerecordedintableIII.
Sincetlieirdataweretakenattemperaturesofabout373°K, the
temperaturecorrectionpredictedby eqmtion(29)hasbeenusedto cor-
rect ZIO to 3(X)0K;thesevaluesareslsorecordedintableIII. The
correctionsthuscalculated,however,wereinvariablyargerthanthe
differencesbetweenthesepointssadthecalculated~lo curves.The
values of Zlo for373°K andalsothevaluespredictedfor3~0 K are
showninfigure22.
Severalotherauthorshavemeasuredrelaxationtimesin someofthe
halogen-substitutedmethanes.Byers(ref.14,1943),EuckenandAybar
(ref.15,1940),andPetralia(ref.16,1952)haveusedacousticinter-
ferometerstomeasurerelaxationtimes;Griffith(ref.17,1950)and
HuberandIkntrowitz(ref.I-8,1947)havemademeasurementsu ingimpact
nozzlesoftheIkntrowitztype. Theirdataarealsoreportedintable111,
andthecorrespendingvaluesof %0 areplottedinfigure22. Wherethe
.——
.
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measurementsweremadeattemperaturesmore
from300°K,thedataarecorrectedtothis
tiOn (29).
19
thana fewdegrees.removed
temperatureby useofeqya-
Thefactthatuseofequation(29)givestoolargetemperaturecor-
rectionsmightsuggesthatthestericfactor u isa functionoftem-
perature.It isreasonableto assumethat u, beinga geometrical
probability,isdependentuponthespeedatwhichthemoleculesare
rotating,whichinturnisa functionoftemperature.Theperiodof
rotationofa typicalmoleculeis10-U second,whichis ofthesame
orderasthedurationofa molecularcollision.
a
CONCLIJSIONS
Measurementsweremadeof sounddispersionina numberofheavy
gases.Onthebasisof,thedatareported,thefollowingconclusions
maybe drawn:
1.Intermodalcouplingisso stronginthe~ogen-substituted
methanesthatoncethe-vibrationalmode-oflowestfrequencyisexcited
theenergypassesreadilyintotheothermodes.
2.Onlybinarycollisionsareimportantintheexcitationofvibra-
tionsinthehalogen-substitutedmethaneswithinl~ts of observation.
3.Theprobability,in,agivencollision,ofexcitingordeexciting
molecularvibrationsinthehalogen-substitutedmethanesappearsto
dependupontherelativenergyofapproachofthecollidingmolecules
ratherthanupontheirrelativevelocityastheLandau-Tellertheory
predicts.Inparticular,theprobabilityofexcitationordeexcitation.
isnegligibleunlesstherelativenergyofapproach~ exceedse*= nhvl
where C* istheminimumvalueof ~ requiredforvibrationalexcitation,
n ischaracterizedbythenumberofhydrogenatomsreplaced,h is
Planck’sconstant,and V1 isthelowestvibrationalfrequency.
4.Theexcitationofvibrationsinpolyatomicorganicmoleculesmay
be a complexprocessinvolvingtheformationofa compoundmolecule”with
a veryshortlifetime.
5.Thestericfactorprobablydependsupontemperaturethroughits’
dependenceuponrotationalvelocity.
IowaStateCollege,
Ames,Iowa,August31,1954.
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Gas
CH~r
CHClF2
CH3C1
Ccly
CBrCH’2
CF4
CH2F2
CH2Cll
ccm~
CHCl#?
CHF3
CC12F2
CBr#2
CBrF3
TABLEI
MOLECULARWEIGETSANDHEATCAPACITIES
Purity,
percent
99.4
97
99.5
99,9
99.9
----
99*7
99*9
99.0
99.0
----
97
99.9
----
M
94*95
86.48
50.49
137.38
165.38
88.01
52.03
68.48
104.47
102.93
70.02
Ho.92
209.84
148.93
q,
cd
61J
369
732
244
200
437
532
358
356
27&
508
260
165
297
cl)
cal/mole‘K
1.03
1.45
.78
4.05
1.85
2.93
1.19
1.56
3.16
1.72
2.48
1.76
1.88
4.24
cab >
cal/mole%
2.26
5.99
1.84
10.63
10.24
6.91
2.32
3.46
8.16
6.76
4.78
8.63
10.55
9.84
. .
—— .-
.
II
I
1
I
i
e, Beo
‘7.5 * IJ.3x K@
9.5 * (3.7
20.4* 1.1
4.0* (3.4
5.(3* (3.4
77.6t (3.8
3,0* 0.3
1,0l ().1
23.9* 0.6
2.5* 0.4
47.9 * 1.8
7.8 t 0,6
2,9 * 0.3
~9,6l o.1
R, aec-l
10.79* 0.22x 109
9.99t (J,20
10.91* 0.22
U.79 * 0.24
g.~ * ().~
6.84* o.fi
9.81* 0.49
U.%1 * 0.%
1-1.28* 0.23
U.48 * 0.57
8.+ * 0.42
10.31* o.21
9.34* 0.47
8.05t o.b
v~)
cd
6U
369
732
244
200
437
>32
358
356
m
Ya
*
167
297
@#3
328
227
3fM
ax?
m
256
245
2C%
237
1*
ti3
201
in
239
I-&_
%51
cm13
qc~
my
cc%
C25Br
‘3W2
cm>
CE5C1
CF4
CE4
CCL$2
cHclF2
Investigator
POW, ELmk.s,sad Iembert
Fcgg, HFmkB, ad Iamimrt
F(xE, Hmks, anU L.mbrt
Fqg, Hanks, and Leabert
Fogg, HEul!m, ad Lmi7%rt
FOES, IimkB, ad I.amhert
FCW, Ebks, and LamhYrt
Fogg, 2arlka, d 18mba-t
~~gwf[r
FOEE, Efmb, WWII@mhert
Byera (I-&. 14)
(ref.M)
(ref.L2)
(rd. 12)
(ref. 12)
(M. 12)
(ref.u)
(ref.12)
(rd. L2)
(ref.u)
(ref.l$?)
W&m ad Ay%ar (ref. ~)
Huher@ Ebltrowitz (ref. 1$)
GrWMth (ref. 17)
Griffith(ref.1’7)
T,
%
373
583
373
373
373
373
373
373
373
%?
3?3
w
m
m
2%
294
e, Bec
4.7x U@
2.8
8.4
320
8.3
10
7.9
42
la
2Q.2
92
66
76
%
2
8’
10
%0
86
83
d
6,070
191
202
1%
l,2m
424
%
:,X&
1
6,CHXI
49
Ella
202
176
139
4-66
29,4-XI
w
468
270
3,720
l,ml
6,2u3
M,IX13
q I
~-l
733
a%
233
1,12J+8
2M
6U
532
m
w
437
1,X6
260
%9
3$2
’203
1*
336
lg
a
24a
263
300
236
XQ
ml
=’7
-51,-1 icdi~~CHC13,trlahl-them; C2@12, d.lahloramtham; CH3F, fluoramthme; CC<, &tM.&d-tbXJ
CHk, mx%ne;other ompouds iflenttiled in text.
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Figurel.-Sonicvelocityversus frequency for thermal relaxation process.
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